Crossovers (COs) are essential for the completion of meiosis in most species and lead to new allelic combinations in gametes [1] . Two pathways of meiotic crossover formation have been distinguished. Class I COs, which are the major class of CO in budding yeast, mammals, Caenorhabditis elegans, and Arabidopsis, depend on a group of proteins called ZMM and rely on specific DNA structure intermediates that are processed to form COs [2] [3] [4] [5] [6] . We identified a novel gene, SHOC1, involved in meiosis in Arabidopsis. Shoc1 mutants showed a striking reduction in the number of COs produced, a similar phenotype to the previously described Arabidopsis zmm mutants. The early steps of recombination, revealed by DMC1 foci, and completion of synapsis are not affected in shoc1 mutants. Double mutant analysis showed that SHOC1 acts in the same pathway as AtMSH5, a conserved member of the ZMM group [7] . SHOC1 is thus a novel gene required for class I CO formation in Arabidopsis. Sequence similarity studies detected putative SHOC1 homologs in a large range of eukaryotes including human. SHOC1 appears to be related to the XPF endonuclease protein family, which suggests that it is directly involved in the maturation of DNA intermediates that lead to COs.
Summary
Crossovers (COs) are essential for the completion of meiosis in most species and lead to new allelic combinations in gametes [1] . Two pathways of meiotic crossover formation have been distinguished. Class I COs, which are the major class of CO in budding yeast, mammals, Caenorhabditis elegans, and Arabidopsis, depend on a group of proteins called ZMM and rely on specific DNA structure intermediates that are processed to form COs [2] [3] [4] [5] [6] . We identified a novel gene, SHOC1, involved in meiosis in Arabidopsis. Shoc1 mutants showed a striking reduction in the number of COs produced, a similar phenotype to the previously described Arabidopsis zmm mutants. The early steps of recombination, revealed by DMC1 foci, and completion of synapsis are not affected in shoc1 mutants. Double mutant analysis showed that SHOC1 acts in the same pathway as AtMSH5, a conserved member of the ZMM group [7] . SHOC1 is thus a novel gene required for class I CO formation in Arabidopsis. Sequence similarity studies detected putative SHOC1 homologs in a large range of eukaryotes including human. SHOC1 appears to be related to the XPF endonuclease protein family, which suggests that it is directly involved in the maturation of DNA intermediates that lead to COs.
Results

Identification of SHOC1, a Novel Gene Involved in Meiosis
In a screen for Arabidopsis thaliana T-DNA insertions that generate meiotic mutants [8] , we isolated two mutations that segregated 3:1-indicating a single recessive mutation-for reduced fertility and meiotic defects (see below). We crossed the two mutants exx217 and dzc7, and the resulting F1 progeny displayed the low-fertility phenotype demonstrating that they are allelic. Linkage analysis between the mutations and the BASTA resistance gene carried by the T-DNA insertions (as described in [9] ) showed that neither mutation was linked with BASTA resistance, suggesting that the T-DNA insertions in these mutants were truncated or aborted. We then used positional cloning to delimit the region containing the mutation to between 21,208,255 and 21,271,738 bp on chromosome 5 that contains 20 genes. To identify the disrupted gene, we examined the phenotype of plants carrying T-DNA insertions [10] [11] [12] in most of these 20 genes and found that homozygous plants for two lines, Salk_057589 and Sail_224_D10, which both contain an insertion in the gene At5g52290, showed meiotic defects (see below). Complementation tests showed that Salk_057589, Sail_224_D10, exx217, and dzc7 mutations are all allelic. Altogether these results show that disruption of At5g52290 is responsible for the low-fertility phenotype and the meiotic defects described below. We named this gene SHOC1 (shortage in chiasmata) and the corresponding mutations shoc1-1 (Salk_057589), shoc1-2 (Sail_224_D10), shoc1-3 (exx217), and shoc1-4 (dzc7). For shoc1-1 and shoc1-2, we amplified and sequenced the genomic DNA sequences flanking the T-DNA fragment to determine the precise structure of the mutant locus. Sequencing of At5g52290 in shoc1-3 and shoc1-4 revealed the presence of small deletions (see Figure 1A ).
The SHOC1 Gene and Protein
We used RT-PCR on young buds to define the SHOC1 cDNA (GenBank accession number EU753184) ( Figure 1A ). SHOC1 expression level was highest in young buds, where male meiosis occurs. A lower expression level was observed in plantlets, cauline leaves, rosette leaves, open flower, and roots (data not shown). The SHOC1 gene encodes a protein of 1594 amino acids (aa). The SHOC1 protein is well conserved throughout the Viridiplantae kingdom and has clear homologs in remote taxa such as Chlorophyta and moss. The most characteristic feature of plant SHOC1 proteins is a highly conserved region (corresponding to positions 895-1155 in EU753184), which we termed the SHOC1 homology domain ( Figures 1B and 1C) .
This domain can be used to define SHOC1 homologs in Fungi, Metazoa, and Mycetozoa via a reciprocal PSI-BLAST procedure [13] . A PSI-BLAST search with the Arabidopsis SHOC1 homology domain (aa 895-1155 in EU753184) converged in round 7, generally retrieving one gene per species, such as human C9orf84 in round 3 (NP_775792:937-1105, E = 6e231) and fungal Postia jgi_105582 in round 5 (aa 816-1054, E = 9e204). Conversely, low-complexity filtered PSI-BLAST searches with the obtained human and fungal protein segments identified Arabidopsis SHOC1 as the only homolog in this species. All three PSI-BLAST searches converged within 7 to 8 iterations and resulted in largely overlapping protein sets. Based on sequence similarity, C9orf84 and SHOC1 proteins appear to be closest homologs in metazoan and plant organisms. Furthermore, the identified metazoan SHOC1 homologs display a similar size and structure to plant SHOC1 proteins. They are typically ca. 1500 aa in length and carry the SHOC1 homology region approximately 300 aa from the C terminus. The human SHOC1 homolog is overexpressed in testis [14] , which is consistent with a potential conserved role in meiosis. The fungal SHOC1 homologs are shorter and typically lack the C-terminal extension after the SHOC1 homology domain ( Figure 1B ). Intriguingly, we did not identify a close homolog in Caenorhabditis elegans, although CO formation in this model species relies exclusively on the class I pathway (see below) [15] .
The potential biological role of the SHOC1 homology region was identified by remote similarity searches via HHpred [16] . We found that the nuclease-(HhH) 2 domain segment of XPF from Aeropyrum pernix (Protein Data Bank entry 2bgw) is significantly similar (E = 4.9e206) to the SHOC1 conserved domain [16, 17] . Thus, SHOC1 proteins may belong to the XPF/Rad1/Mus81 family of nucleases and the SHOC1 homology region is a bipartite nuclease-(HhH) 2 domain [18] . The domain could be involved in dimerization, DNA binding, and enzymatic activity, although it should be noted that the , and distant helicase hits (H). For Arabidopsis thaliana SHOC1 (EU753184), the conservation quality within plant SHOC1 proteins is shown above the domain architecture schema (conservation plotted with the EMBOSS software suite). Similarly, for Saccharomyces cerevisiae Zip2 (NP_011265), the conservation level among its clear orthologs in fungal species is depicted. Note that there are several known isoforms of human C9orf84, some of which extend NP_775792 N-terminally. Human XPF (NP_005227) and Aeropyrum pernix XPF (NP_147940, pdb_2bgw) are among the closest reported hits to the SHOC1 homology domain in HHpred searches. (C) Multiple sequence alignment of segments with similarity to the SHOC1 homology region. The presented region includes the nuclease domain and the HhH motifs. Protein sequences are listed with a 2 letter species code followed by name (optional) and reference to the sequence source. Species code: Ap, Aeropyrum pernix; At, Arabidopsis thaliana; Hr, Helobdella robusta; Hs, Homo sapiens; Kl, Kluyveromyces lactis; Lg, Lottia gigantea; Mm, Mus musculus; Vv, Vitis vinifera; Os, Oryza sativa; Pt, Populus trichocarpa; Pp, Physcomitrella patens; Pp, Postia placenta; Sc, Saccharomyces cerevisiae; Sm, Selaginella moellendorffii. Sequences were derived from the NCBI nonredundant protein database and the Department of Energy's Joint Genome Institute (JGI) genome projects.
GDXnERKX3D active site motif is not conserved in the SHOC1 nuclease domain. Nuclease catalytic domains can be very divergent [19] , so we cannot exclude that SHOC1 may have a nuclease activity. Proteins with a XPF/Rad1/Mus81 nuclease-(HhH) 2 combination often contain a N-terminal helicase domain. Indeed, a weak similarity to a helicase-like domain is suggested through HHpred analyses of both plant and metazoan SHOC1 N-termini (H on Figure 1B ). And even though the obtained scores were subsignificant, it is notable that indications were obtained independently for both taxonomic groups.
Remarkably, PSI-BLAST searches with fungal SHOC1 domain sequences (starting with Postia jgi_105582 positions 810-1070) detected a more distant but significant sequence similarity to the Zip2 ortholog in Kluyveromyces lactis (round 7, XP_453570, aa 471-657, E = 4e218). The homologous sequence segment is located in the C terminus of that protein and corresponds to the most highly conserved region in fungal Zip2 proteins ( Figure 1B) . Next, independent analysis of fungal Zip2 proteins suggested that this conserved C-terminal domain is indeed homologous to the XPF endonucleases. Unfortunately, with the currently available sequence data, it is not possible to clarify whether Zip2 and SHOC1 could have evolved from a single common ancestor.
Male and Female Meiosis Are Altered in shoc1 Mutants
Homozygous plants for the four shoc1 alleles have short fruit containing few or no seeds but do not show any other developmental defects (Figure 2) . In all shoc1 mutant lines, we found that a large proportion of pollen grains were dead (Figure 2 ).
Female gametogenesis was also affected and about 80% of embryo sacs had degenerated or were abnormal in shape (not shown). Male meiosis in wild-type was seen to produce tetrads constituted of four equilibrated spores ( Figure 2E ). In contrast, shoc1 mutants produced a high proportion of unbalanced tetrads and ''polyads'' containing more than four spores ( Figure 2F ), directly revealing a meiotic defect.
We then investigated the behavior of meiotic chromosomes in shoc1 mutants (Figure 3) . In wild-type, the ten chromosomes appeared as threads at leptotene, underwent synapsis at zygotene, and were fully synapsed at pachytene ( Figure 3A) . At diakinesis, the five bivalents condensed, revealing the presence of chiasmata holding the pairs of homologous chromosomes together ( Figure 3B ). The bivalents organized on the metaphase I plate ( Figure 3C ) segregated out into homologs on the two metaphase II plates ( Figure 3D ). The second round of segregation led to the formation of four sets of five chromatids. The four (C and D) Pollen grains stained as described by [38] . Numerous dead pollen grains are visible in the mutant. Scale bar represents 50 mM. (E and F) Meiotic products stained by toluidine blue in wild-type (E) and mutant (F). Unbalanced tetrad, triad, and polyads are observed in shoc1 mutants. Scale bar represents 10 mM. Scale bar represents 10 mM. Meiotic chromosome spreads were prepared as described in [39] and observed as described in [40] .
shoc1 alleles conferred identical phenotypes. Leptotene and pachytene stages appeared similar to those in the wild-type, including apparent full synapsis ( Figure 3E ). The completeness of synapsis was confirmed by immunolocalization studies of the synaptonemal complex ( Figure S1 available online). The first defects appeared at diakinesis, with the appearance of a mixture of univalents and bivalents ( Figure 3F ), which was even clearer at metaphase I ( Figure 3G ) showing a reduced number of chiasmata. An uneven distribution of chromosomes was observed after anaphase I ( Figure 3H ), leading to unbalanced spores after the second meiotic division. Thus, the only defect observed in shoc1 mutants was a pronounced decrease in the number of chiasmata-the cytological counterpart of COs-and its consequences on chromosome segregation.
The defects in female meiosis observed in shoc1 plants were similar to those observed in male meiosis (data not shown).
DMC1 Foci Number Is Not Affected in shoc1
Mutants DMC1 is a meiosis-specific recombinase, which forms foci at recombination sites [20] [21] [22] . The behavior (e.g., maximal number at zygotene and complete disappearance by the end of pachytene) and number of AtDMC1 foci in shoc1-1 (238 6 63, n = 39) and shoc1-2 (253 6 84) was indistinguishable from wild-type (234 6 89 [22] ) (Figure 4) . Thus, the meiotic defects observed in shoc-1 were not correlated with a decrease in the number of DMC1 foci.
Chiasma Frequency Is Considerably Lower in shoc1 Mutants
We quantified the decrease in chiasma frequency in shoc1 mutants compared to their respective wild-type (Columbia Col-0 or Wassilevskija Ws-4) by studying the shape of metaphase I bivalents, as described in [23, 24] (Figure 5 ). Chiasma frequency per cell was 9.2 (n = 55) in the Col-0 wild-type and 7.8 (n = 122) in the Ws-4 wild-type, the difference being significant (t test, p < 0.01). The chiasma number per cell ranged from 7 to 11 in Col-0 and from 6 to 10 in Ws-4, with each pair of chromosomes bearing at least one chiasma. In contrast, the chiasma frequency per cell was 1.27 6 1.06 (n = 89) in shoc1-1 (Col-0), 1.26 6 1.11 (n = 57) in shoc1-2 (Col-0), 0.90 6 0.8 (n = 39) in shoc1-3 (Ws-4), and 0.88 6 0.8 (n = 49) in shoc1-4 (Ws-4), ranging from 0 to 5 ( Figure 5 ). No significant difference was observed between the two Col-0 shoc1 alleles or between the two Ws-4 shoc1 alleles, indicating that the four alleles are null. We then compared the level of residual chiasmata in shoc1 mutants to three known mutants of the class I CO pathway Atmsh5 [7] , Atzip4 [20] , and Atmer3 [24] . In both the Col-0 and Ws-4 background, the chiasma frequency observed in shoc1 mutants is indistinguishable from the Atmsh5 and Atzip4 mutants (t test, p > 0.05) ( Figure 5 ). In contrast, the chiasma level in mer3 mutants was higher than in the other mutants in both backgrounds, in agreement with previous findings [25] .
SHOC1 Belongs to the Same Epistatic Group as MSH5
The meiotic phenotype of shoc1 is qualitatively and quantitatively identical to the previously described Atmsh5, Atzip4, and Atmsh4 mutants [7, 20, 25] . AtZIP4, AtMSH5, and AtMSH4 were previously shown to belong to the same epistatic group [7, 20] . In order to test whether SHOC1 also belongs to this epistatic group, we measured the chiasma frequency in the double shoc1-1/Atmsh5 mutant ( Figure 5 ). Frequencies measured on sister plants were 1.38 6 0.88 (n = 65) in Atmsh5, 1.26 6 1.02 (n = 99) in shoc1-1, and 1.28 6 0.98 (n = 60) in shoc1-1/ Atmsh5 backgrounds. None of these frequencies differed significantly from each other (p > 0.1), showing that SHOC1 belongs to the same epistatic group as AtMSH5, playing a role in the same pathway of CO formation, together with AtMSH4 and AtZIP4.
Discussion
Two pathways of CO formation were first identified in yeast, on the basis of distinct genetic controls and molecular intermediates. The first pathway relies on a series of rather conserved genes belonging to a family called ''ZMM'' (Zip1, Zip2, Zip3, Zip4, Msh4, Msh5, and Mer3) [2, 3] and is predominant in most eukaryotes [2, 3, 6, 15] . Studies deciphering crossover pathways are in progress in several model organisms through the identification and functional analysis of the proteins involved. Localization of AtDMC1 (green) and ASY1 (red) in wild-type (A) and shoc1-1 (B), respectively. An antibody directed against the AtDMC1 protein [20] was used together with an antibody against ASY1 [41] , which specifically highlights the chromosome axes at meiosis prophase. Spreads were prepared and observed as described by [40, 42] . Scale bar represents 10 mM. The genotypes are wild-type Col-0 (n = 55), mer3-1 [24] (n = 311), msh5-1 [7] (n = 133), zip4-2 [20] (n = 128), shoc1-1 (n = 88), shoc1-2 (n = 57), wild-type Ws-4 (n = 122), mer3-5 (n = 72), msh5-3 (n = 76), zip4-1 and zip4-3 [20] (n = 147), shoc1-3 (n = 39) and shoc1-4 (n = 49). Results are represented in a histogram as the means 6 standard deviation.
SHOC1 Is Required for Class I Crossover Formation
Here we report the identification of SHOC1, a novel gene involved in CO formation in Arabidopsis. The characterization of shoc1 mutants shows that SHOC1 is essential for class I CO formation, like ZMM proteins. (1) Chiasma frequency is reduced to w15% of wild-type in shoc1 mutants, an identical phenotype to Atzip4, Atmsh5, and Atmsh4 mutants in genes previously shown to be involved in class I CO formation [7, 20, 26] . The number of COs is less affected in a series of other Arabidopsis class I CO mutants, Atmlh3 (w40% of wild-type) [27] , Atmer3 (25%-32%) [24, 28] , and ptd (30%) [29] , suggesting that the CO I pathway divides into several branches but that AtMSH4/AtMSH5, AtZIP4, and SHOC1 are essential for all the class I COs. (2) Early steps of recombination, revealed by DMC1 foci formation, are not affected in shoc1 mutants, as expected for a mutant affected specifically in CO formation and not in recombination initiation. (3) Synapsis is completed in shoc1, indicating that the recombination defect is postsynaptic, as observed in other Arabidopsis ZMM mutants. Of note, ZMM proteins are required for complete synapsis in S. cerevisiae and mouse, however [30] [31] [32] [33] , revealing a functional differences between these model species (see [20] ). (4) Simultaneous mutations in AtMSH5 and SHOC1 do not result in a further decrease in the number of COs compared to single mutants, showing that SHOC1 acts in the same pathway as AtMSH5 [7] and thus in the class I CO pathway.
What Role Does SHOC1 Play in Crossover Formation? SHOC1 is essential for class I CO formation in Arabidopsis, and potentially in other eukaryotes, and appears to share structural similarities with the XPF endonuclease family that recognizes branched DNA junctions [18] . This suggests that SHOC1 recognizes and processes the DNA intermediates that lead to class I COs. According to current models [3] , several hypotheses emerge. (1) The class I CO pathway has a DNA intermediate, a structure called the double Holliday junction (dHJ) [4, 5] , which has to be resolved by cleavage to generate COs [5, 30, 34, 35] . The specific dHJ endonuclase, the nuclear HJ resolvase, is yet to be identified [36] . SHOC1 could be a component of this resolvase. However, because shoc1 mutants do not show entangled or fragmented chromosomes, dHJ would have to be resolved as non-CO products for this hypothesis to be correct. It is possible that an activity responsible for the dissolution of dHJ [37] replaces the resolution activity that may be defective in shoc1. (2) A nascent D-loop is an early DNA intermediate, which is common to all DSB repair pathways, and gives rise to both COs and noncrossovers (NCOs). Stabilization of this intermediate generates SEI (single-strand invasion), which appears to be specific to class I CO [30] . The D-loop and SEI are branched DNA molecules, corresponding to the typical structure recognized by XPF family nucleases. SHOC1 may recognize and process/stabilize D-loop/SEI and thus promote class I CO formation. In the shoc1 mutant, the D-loops that are no longer directed to the CO pathway could be repaired as NCOs, explaining the reduction in COs and the absence of chromosome fragmentation. Interestingly, we identify a distant similarity to a putative, previously unrecognized, XPF domain in the Zip2 protein, which is involved in class I crossover formation in yeast. Therefore, SHOC1 and Zip2 could play the same function in class I CO formation. Because SEI formation is affected in Zip2 [30] , it would suggest that Zip2 and SHOC1 are involved in the promotion/ stabilization of SEI and thus CO formation.
To act as a functional nuclease, most XPF nucleases must form a complex with a noncatalytic subunit (XPF-ERCC1, Rad1-Rad10, Mus81-Eme1) [18] . Interestingly, an Arabidopsis protein, PTD1, has sequence similarity with ERCC1 and is involved in meiotic CO formation [29] . An attractive model is that SHOC1 and PTD1 form a XPF-ERCC1-like complex that recognizes specific DNA structures to promote class I CO formation. However, the fact that ptd1 mutants have a substantially higher level of crossover formation than shoc1 mutant [29] would argue against a simple XPF-ERCC1-like complex.
Accession Numbers
The Arabidopsis SHOC1 mRNA was deposited in GenBank with accession number EU75318.
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